Limited information is available with respect to the association between age and the plasma phospholipid fatty acid profile. Therefore we investigated the association between plasma phospholipid fatty acid status and age after correction for sex, smoking, alcohol use, BMI and fish intake. Plasma phospholipid fatty acid composition was measured and information on fish intake and other potential covariates was collected in 234 participants of the Maastricht Aging Study. The participants were healthy individuals of both sexes with an age range between 36 and 88 years. Hierarchical linear regression analyses were applied to study the relationship between age and fatty acid concentrations. After correction for fish consumption and other relevant covariates, a significant positive relationship was observed between age of the subjects and their plasma phospholipid concentrations of DHA (22 : 6n-3, P¼ 0·006) and EPA (20 : 5n-3; P¼ 0·001). Age contributed 2·3 and 3·9 % to the amount of explained variance, respectively. The higher n-3 long-chain PUFA status at advanced age was confirmed by lower concentrations of their putative 'shortage marker' Osbond acid (ObA, 22 : 5n-6; P¼ 0·022 for the relationship with age after correction for covariates and fish intake, R 2 0·022). Concentrations of linoleic acid (LA; 18 : 2n-6) were negatively associated with age (P,0·001; R 2 0·061). In conclusion, DHA and EPA concentrations appeared to be higher in older age groups, partly because of a higher fish intake and partly because of another age-associated mechanism, possibly involving the well-known competition with LA.
In the Western world, CHD and Alzheimer's disease are among the most prominent complications of ageing. Nowadays, long-chain PUFA are increasingly recognised as compounds that may be associated with these diseases (1, 2) . The limited information currently available with respect to the association between ageing and long-chain PUFA concentrations in plasma and erythrocytes is mainly restricted to the n-3 long-chain PUFA and suggests higher levels in older subjects (3 -8) . However, in most of these studies the associations were adjusted incompletely, and most of them did not shine light on the relationship of n-6 fatty acids with age, thereby ignoring potential metabolic interactions between both essential fatty acid families. Moreover, the common understanding is that long-chain PUFA levels decrease with ageing, due to a lower fatty acid desaturation activity (9 -11) . We therefore decided to study the potential age dependence of the entire plasma phospholipids fatty acid profile.
For this purpose we used a Dutch population sample, in which a relatively low fish consumption is the most important and almost the only source for n-3 long-chain PUFA intake.
Methods and materials

Design and participants
The present study was conducted as part of the 12-year follow-up assessment of the Maastricht Aging Study (MAAS). The MAAS is a prospective study in normal ageing adults varying in age from 24 to 81 years at baseline (i.e. 12 years previously) (12, 13) . The study was designed in order to investigate a broad range of objective cognitive measurements as a function of demographic as well as biological variables. The MAAS consists of four identical interleaved panel studies. The panels each consisted of 25 % of the overall sample and were stratified for age, general ability level and sex.
From September 2005 onward the 12-year follow-up of the MAAS took place. Venous blood samples were collected in order to determine the fatty acid profile of plasma phospholipids. In addition, habitual fish consumption was assessed, as well as a number of other variables of potential importance in the relationship between fatty acid status and age.
All participants in the MAAS who were enrolled in the first panel were included in the present study. The study was approved by the local Medical Ethics Committee and written informed consent was obtained from each participant.
Blood sampling, processing and fatty acid analyses
Venous blood samples were collected in EDTA-containing tubes. After collection, plasma was separated from erythrocytes by centrifugation. Aliqouts of the plasma samples were divided over storage cups, which were closed tightly under N 2 and stored at 2 808C until fatty acid analysis. Fatty acid profiles of phospholipids isolated from venous plasma were determined as described by Al et al. (14) and Otto et al. (15) . After addition of an internal standard (1,2 dinonadecanoyl-sn-glycero-3-phosphocholine) plasma lipids were extracted by a modified Folch extraction method (16) and phospholipid fractions were isolated from the lipid extracts by using aminopropyl (500 mg/4·0 ml) Extract-Clean columns (17) . Heptadecenoic acid was added to the samples to check for any carry-over of NEFA during the isolation of the phospholipids. The phospholipid fractions were hydrolysed and the fatty acid methylated with boron trifluoride in methanol (18) . The fatty acid composition of the phospholipids was then determined by capillary GC using a WCOT fused silica (50 m £ 0·25 mm internal diameter) CP-SIL 88 column (film thickness 0·2 mm) (Varian, Bergen op Zoom, the Netherlands), using He as the carrier gas. The injection and detection temperatures were 3008C. The starting temperature of the column was 1658C. After 10 min, the temperature was increased (58C/min) up to 1908C, and kept constant for 15 min. Finally the temperature was increased up to 2308C at the rate of 58C/min.
Forty-two fatty acids were identified, but only the following selection will be reported: linoleic acid (LA; 18 : 2n-6); g-linolenic acid (18 : 3n-6); dihomo-g-linolenic acid (20 : 3n-6); arachidonic acid (20 : 4n-6); adrenic acid (22 : 4n-6); Osbond acid (ObA; 22 : 5n-6); a-linolenic acid (18 : 3n-3); stearidonic acid (18 : 4n-3); eicosatetraenoic acid (20 : 4n-3); EPA (20 : 5n-3); docosapentaenoic acid (22 : 5n-3); DHA (22 : 6n-3). Relative fatty acid concentrations are reported as percentages of the total amount of phospholipid-associated fatty acids (%, w/w). In addition, the following fatty acid combinations are presented: sum of the SFA; sum of the MUFA.
The fatty acids of primary interest were arachidonic acid, adrenic acid, EPA, docosapentaenoic acid and DHA. The reason for this is that arachidonic acid, EPA and DHA are of importance in age-related diseases, such as CVD (1) and Alzheimer's disease (2) , whereas adrenic acid is involved as a status parameter for DHA and docosapentaenoic acid is a major intermediate in the EPA-to-DHA conversion.
Assessment of fish consumption
Fish consumption was measured at 12-year follow-up by means of a newly validated short self-report questionnaire. Different fish types were categorised according to their respective DHA contents: low (fish fingers, prawns, pickled herring, cod, mussels, plaice, tuna and tilapia); intermediate (trout, raw herring, smoked eel, smoked salmon, canned salmon); high (smoked herring, herring in tomato sauce, mackerel, canned sardines, salmon) (19) . The frequency of consumption (never, once per month, two to three times per month, once per week, more often than once per week) was used to calculate the fish consumption score: 0, 1, 2, 4 and 8 for the 'low DHA' fish group; 0, 2, 4, 8 and 16 for the 'intermediate DHA' class; 0, 3, 6, 12 and 24 for the 'high DHA' category. Overall scores for fish consumption thus ranged from 0 to 48 and were validated against the EPA and DHA concentrations in plasma phospholipids of the participants (see the Statistical analyses section).
Other measurements
Sex, alcohol consumption, smoking and BMI (kg/m 2 ) were treated as covariates, as these variables have been shown to be associated with fatty acid status (3, 20, 21) . Alcohol consumption, measured at 12-year follow-up by means of a short self-report questionnaire, was dichotomised into 'high' or 'low/none' intake categories, according to WHO standards (22) . 'High' was defined as the consumption of at least two (women) or three (men) alcoholic beverages (standard units, i.e. 8 g ethanol per drink) per d on average, which is considered to be harmful intake by the WHO. Data on smoking ('current smoker' yes/no) and BMI (continuous) were also collected at 12-year follow-up.
Statistical analyses
Descriptive analysis of the data included a check for outliers and for distribution of the dependent variables. Since the values of g-linolenic acid, a-linolenic acid, EPA and eicosatetraenoic acid were not distributed normally, a log transformation was applied for these variables before these variables entered the statistical analysis. Outliers with a Cook's distance larger than 0·04 were excluded from the dataset (maximum of three cases per analysis).
In order to ascertain whether the new short fish consumption questionnaire was a reliable measure of fatty acid intake, bivariate Pearson's correlation coefficients were calculated between total score on the questionnaire and the plasma phospholipid DHA and EPA concentrations.
To investigate whether our data were in accordance with findings by others, showing increases in n-3 long-chain PUFA with age, multiple linear regression analyses were performed, using age as the independent variable and the respective fatty acids of primary interest as dependent variables. Sex, smoking, alcohol and BMI were controlled for in all models. Next, this procedure was repeated for the other fatty acids.
Hierarchical linear regression analyses were performed to test to what extent differences in fish consumption explained the possible association between fatty acid concentration and age, and whether age explained any additional variance on top of fish consumption. To this end, fish consumption was entered in the first step of the analysis, the covariates (sex, smoking, alcohol, BMI) were entered in the second step, and finally age in the third step.
The a level of the analyses with the fatty acids of primary interest (arachidonic acid, adrenic acid, EPA, docosapentaenoic acid, DHA) was set at P, 0·010 (0·05 divided by 5) to correct for multiple testing. For the same reason, analyses of the other fatty acid data required adaptation of the a level to P, 0·003 (0·05 divided by 15).
All analyses were performed using the SPSS statistical package for Mac OS X (release 11.0.4; SPSS Inc., Chicago, IL, USA).
Results
Participants
The panel, from which the study sample was recruited, consisted at baseline (i.e. 12 years previously) of 470 participants. During the 12 years of follow-up, 169 participants left the study due to a variety of reasons (for example, deceased, serious illnesses, refusal). This implied a total of 301 eligible participants for the present study. Participation in the sidearm study that involved blood sampling was voluntary. Sixty participants refused to donate blood for fatty acid analyses. In another seven individuals, no information was available about their current smoking status and alcohol consumption. Therefore, 234 individuals participated in the present study.
Individuals who left the study were not significantly different from the remaining participants with respect to age, sex, educational level and BMI (results not shown). Except for those seven dropouts from whom information regarding alcohol consumption and smoking habits was lacking, dropouts did not differ from remaining participants with respect to alcohol intake and smoking habits either. The average age of the final population was 59·8 (SD 13·4; range 36·8-88·2) years and the average number of years of education was 11·4 (SD 3·1) years.
The research population consisted of 117 males and 117 females, with an average BMI of 26·4 kg/m 2 . In the group 21 % were smokers and 5·8 % reported high alcohol consumption.
Fatty acid composition
In Table 1 the average plasma phospholipid fatty acid concentrations are shown. These are in accordance with concentrations found in other comparable populations in the Netherlands (23) .
Validation of the fish consumption questionnaire
Significant correlations were found between plasma phospholipid DHA and log-transformed EPA concentrations on the one hand and the fish consumption score as measured with the fish consumption questionnaire on the other hand (n 232, r 0·459, P, 0·001 for DHA; r 0·277, P, 0·001 for log-EPA). This demonstrates that this questionnaire provides a reliable measure of EPA and DHA intake from fish.
Associations between fatty acid concentrations and age Table 1 also displays the results of the respective multiple regression analyses of the relationships between age on the one hand and the different fatty acids on the other hand, after correction for sex, smoking, alcohol and BMI. For the fatty acids of primary interest and after correction for multiple testing, positive associations with age were found for DHA (P, 0·001; Fig. 1(a) ) and log-transformed EPA (P, 0·001; Fig. 1(b) ), indicating that in older individuals the plasma phospholipid concentrations of these fatty acids were higher. Other fatty acids of primary interest showed no significant associations with age. Of the remaining fatty acids, LA showed a significant association with age (P, 0·001; Fig. 1(c) ), after correction for multiple testing. LA concentrations were lower in older individuals. In addition, ObA was negatively associated with age (P¼0·003; Fig. 1(d) ). * P,0·05, ** P, 0·01, *** P, 0·001. † Age was a continuous variable; sex was coded 0 for men and 1 for women; smoking was coded 0 for non-smokers and 1 for smokers; alcohol was coded 0 for low alcohol consumption and 1 for high alcohol consumption; BMI was a continuous variable. For g-linolenic acid, a-linolenic acid, EPA and eicosatetraenoic acid the results of the regression analyses on the log-transformed data are shown.
Associations between fatty acid status and age after correction for fish consumption
Hierarchical linear regression analyses with fish consumption in the first step, the other possible confounders (sex, smoking, alcohol and BMI) in the second step, and age in the third step (see Table 2 ) showed that after correction for fish consumption and other covariates, age explained an additional 2·3 % R
Step2 ¼ 0·336 2 0·313 of the explained variance in DHA on top of fish consumption. For EPA the contribution of age was 3·9 % and for ObA 2·2 %. Thus, in the older age group the DHA and EPA concentrations were significantly higher, independent of fish intake, whereas ObA was significantly lower.
In case of LA, fish consumption did not significantly contribute to the amount of explained variance, whereas age contributed 6·1 %.
Discussion
The goal of the present study was to investigate the age dependence of the entire plasma phospholipid profile. There was specific attention paid to EPA and DHA concentrations after correction for fish intake, as these fatty acids seem to play a role in some of the most common age-related diseases, i.e. CHD and Alzheimer's disease (1, 2) .
In order to do so, the fatty acid concentrations of 234 male and female subjects with an age range of 36 to 88 years were determined and their fish consumptions assessed. We found that after correction for sex, smoking, alcohol intake, BMI and multiple testing, the concentrations of DHA and EPA were positively associated with age, whereas the opposite was found for ObA. Also, LA was negatively associated with age ( Table 1) .
The findings with respect to EPA and DHA are largely in accordance with previous studies. Crowe, Dewailly and colleagues showed in Canadian and New Zealand populations that DHA and EPA concentrations are higher in plasma or serum phospholipids of elderly individuals compared with younger individuals (3 -6) . Also, the results of Sands et al. (8) and Itomura et al. (7) are also fully in line with the present results. On the other hand, Babin et al. did not find significant EPA and DHA differences in plasma total lipids, TAG, cholesteryl esters and phospholipids, and in erythrocyte total lipids of 200 healthy elderly women over 75 years of age, compared with fifty young female volunteers aged 20 -48 years (9) . Studies on the relationship between fatty acid concentrations in tissues and age are scarce and results so far are not entirely consistent. Tavendale et al. investigated the adipose tissue fatty acid composition of 4114 individuals aged 40 -59 years of the Scottish Heart Health Study and Fatty acids and age 1061 observed higher DHA levels (EPA concentrations were not reported) with advancing age (24) . This was confirmed in a later study (25) . Finally, Carver et al. studied the fatty acid composition of human brain at various ages and observed different age-related patterns for the various fatty acids, with no significant association for DHA (EPA was not reported) (26) . For plasma it now seems pretty well established, however, that ageing is associated with higher concentrations of n-3 long-chain PUFA.
A higher n-3 long-chain PUFA status at advanced age is supported by our observation that higher age is associated with lower concentrations of ObA, which is considered a biochemical marker of the functional DHA status (27, 28) . Although this does not seem to hold under all circumstances (29) , the present study population is characterised by a strong negative relationship between DHA and ObA (r 2 0·286; P,0·001), which supports the view that, at least in this particular group, ObA is a reliable indicator of the DHA status.
In general there is a strong association between fish consumption and the plasma concentrations of the n-3 long-chain PUFA (6, 30, 31) . This was also observed in the present study (for example, r 0·459, P,0·001 for the association between fish consumption and DHA). In addition, linear regression analysis showed a significant positive association between fish consumption and age (n 236; r 0·157; P¼0·016), demonstrating that fish intake was higher in the older participants. This finding of higher fish consumption in older age groups is in line with earlier reports on fish consumption (32 -34) . Whether a higher fish consumption explained the higher n-3 long-chain PUFA levels in elderly individuals, or whether additional age-dependent mechanisms contributed to the amount of explained variance, was also addressed in the present study. We showed that after correction for fish consumption and other covariates, age still contributed significantly to the model (2·3 % of explained variance in DHA, 3·9 % in EPA, and 2·2 % in ObA). Others also concluded from their studies that correction for the intake of fish or n-3 fatty acids could not fully explain the apparent age dependence of plasma EPA and DHA concentrations (7 -9,25) . At this stage, we can only speculate about additional cause(s) of the higher DHA and EPA concentrations with increased age. A first explanation may include an increased intestinal fatty acid absorption with ageing. However, this does not explain why we observed the LA levels to be lower at higher age, a finding that was also reported by Tavendale et al. with respect to adipose tissue (24) . Table 2 . Results of regression analyses of fish consumption (step 1), fish consumption and other possible confounders (step 2) and fish consumption, other possible confounders and age (step 3), showing the regression coefficients B with their standard errors, the associated P values and the total proportions of variance explained (R 2 ) †
Step 1
Step 2
Step 3
0·116 0·177 † Age was a continuous variable; sex was coded 0 for men and 1 for women; smoking was coded 0 for non-smokers and 1 for smokers; alcohol was coded 0 for low alcohol consumption and 1 for high alcohol consumption; BMI was a continuous variable.
As an alternative, an altered fatty acid metabolism can be mentioned, for instance evident from an enhanced a-linolenic acid-to-DHA conversion rate. However, on the basis of rat studies this does not seem very likely, as fatty acid desaturation seems to slow down upon ageing (10, 11) and also from the Babin et al. study a reduced synthesis of long-chain PUFA from their respective precursors upon ageing is suggested in man (9) . However, a stable-isotope study by Vermunt et al. (35) suggested that endogenous DHA synthesis from a-linolenic acid is not decreased at higher age, and may even be more effective.
A more likely explanation may be provided by our observation that plasma phospholipid LA concentrations are reduced at advanced age (Table 1 ). This confirms earlier findings by others, demonstrating lower LA concentrations in various plasma lipid fractions (9) and adipose tissue (24, 25, 36) of older as compared with younger women, and suggests a lower habitual LA consumption by older subjects (37) . It has been found repeatedly that LA inhibits the incorporation of n-3 long-chain PUFA in plasma phospholipids (38, 39) , which may be the reason for the usually observed negative relationship in plasma phospholipids between LA and most long-chain PUFA concentrations. In the present study, these relationships also appeared to be negative and highly significant with correlation coefficients between 20·058 (for eicosatetraenoic acid; 20 : 4n-6) and 2 0·393 (for EPA; for DHA, r 2 0·277). Interestingly, the correlation coefficients for the LA-DHA relationship were significantly higher in the oldest (r 2 0·015; P¼0·916) as compared with the youngest quintile (r 2 0·431; P¼0·002). We therefore suggest that the fish intakeindependent mechanisms underlying the higher n-3 long-chain PUFA concentrations in plasma phospholipids at advanced age might include some competition between n-3 long-chain PUFA and LA. Further studies are required to test this hypothesis, and, if valid, to characterise the nature of this competition.
Besides its strengths such as the representative sample, and the correction for sex, smoking, alcohol intake, BMI and fish intake, the present study also has some limitations. The short self-report questionnaire to measure fish intake was specifically designed for the present study, based on earlier work, but has never been used in its current form. It was intended as a concise measure of habitual fish consumption, as only information was collected about the kind of fish that was consumed on a regular basis (based upon average DHA content) and the frequency of consumption. Portion size was not taken into account. There is a strong indication that our short questionnaire provided a reliable proxy of fish intake, as EPA and DHA concentrations in plasma phospholipids strongly correlated with fish intake. These correlations are comparable with or even better than correlations between other estimates for fish intake and plasma concentrations found in previous studies (40 -42) . As the present study was executed in a sample that was already followed up for 12 years for other purposes, selective attrition might be another potential drawback. This source of potential bias seems unlikely, however, as our data showed no differences in important baseline characteristics between dropouts and participants. Still, we cannot exclude a possible over-or underestimation of the observed associations due to this factor.
Although the contribution of age to the explained variance of the concentrations of the respective fatty acids was not large in an absolute sense, we do believe that the present results provide a strong indication that the DHA and EPA concentrations increase as part of the ageing process. The fact that we found an age effect in a relatively small sample (n 234) implies that it is a robust effect. It is generally accepted, for example, that smoking and alcohol consumption do influence fatty acid status (21) . Additional analyses (results not shown) in our sample showed that alcohol consumption added 0·05 % to the amount of explained variance, whereas for smoking this was only 0·09 %. In this respect our finding of 2·3 and 3·9 % explained variance for age is large and certainly a factor which should be considered in future research.
In conclusion, the present study showed that DHA and EPA concentrations were higher in older age groups, partly because of a higher fish intake and partly because of another age-associated mechanism, possibly involving competition with LA.
